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Human exposure assessment is a key step in estimating the environmental and public
health burdens that result chemical emissions in the life cycle of an industrial product or
service. This column presents the third in a series of overviews of the state of the art in
integrated environmental assessment — earlier columns described emissions estimation
(Frey and Small, 2003) and fate and transport modeling (Ramaswami, et al., 2004).
When combined, these first two assessment elements provide estimates of ambient
concentrations in the environment. Here we discuss how both models and measurements
are used to translate ambient concentrations into metrics of human and ecological
exposure, the necessary precursors to impact assessment.

Exposure assessment is the process of measuring and/or modeling the magnitude,
frequency and duration of contact between a potentially harmful agent and a target
population, including the size and characteristics of that population (IPCS, 2001;
Zartarian, et al., 2005). Ideally the exposure assessment process should characterize the
sources, routes, pathways, and uncertainties in the assessment. Route of exposure refers
to the way that an agent enters the receptor during an exposure event. Humans contact
pollutants through three routes--inhalation, ingestion, and dermal uptake. Inhalation
occurs in both outdoor environments and indoor environments where most people spend
the majority of their time. Ingestion includes both water and food, as well as soil and dust
uptake due to hand-to-mouth activity. Dermal uptake occurs through contacts with
consumer products; indoor and outdoor surfaces; the water supply during washing or
bathing; ambient surface waters during swimming or boating; soil during activities such
as work, gardening, and play; and, to a lesser extent, from the air that surrounds us. An
exposure pathway is the course that a pollutant takes from an ambient environmental
medium (air, soil, water, biota, etc), to an exposure medium (indoor air, food, tap water,
etc.) and to an exposed individual. Exposure scenarios are used to define plausible
pathways for human contact. Recognition of the multiple pathways possible for exposure
highlights the importance of a multimedia, multipathway exposure framework.

The magnitude and variation of exposures to environmental contaminants depend largely
on two things—(1) the concentrations of contaminants in exposure media and (2) the
exposure factors of the target population. So a first step in an exposure assessment is the
selection of exposure factors for the targeted population. Human exposure factors include
all behavioral, sociological, and physiological characteristics of a population that
determine their contact rates with food, air, water, soils, etc. Examples include the
inhalation rate (typically 20 m*/day for an adult), the water ingestion rate (typically 1.4
liters/day), and the soil ingestion rate for children (typically less than 50 mg/day for



children 1-6 years old). While these values are representative or conservative,
considerable variation in these exposure factors is observed, and distributions
characterizing this variability are used in more advanced studies.

In some exposure assessments, a typical or highly exposed individual is used to make
scoping or bounding exposure estimates. For example in a regulatory assessment
designed to be health protective a “maximally exposed individual” is sometimes the
subject of the exposure assessment. This individual might be assumed to spend all of
their time at a location of maximum concentration — chained to a fence, eating produce
grown at that site, etc. In recent years, however, regulatory assessments have tried to
more accurately model the behavior of real people in the environment. There has also
been more focus on the variability of exposure. This effort has been aided by a number of
comprehensive studies that have used individual personal monitoring in conjunction with
ambient measurements. In the United States these included the Total Exposure
Assessment Methodology (TEAM) studies and the National Human Exposure
Assessment Survey (NHEXAS), while in Europe the Air Pollution Exposure
Distributions of Adult Urban Populations in Europe (EXPOLIS) study was conducted
(Kousa et al., 2002). These studies have drawn attention to relationships between
ambient, indoor, and personal air concentrations for a variety of pollutants, including
nitrogen oxides, volatile organic compounds (VOCs), ozone, and fine particulate matter.

Exposure models tend to be chemical-transfer based (tracking chemicals from sources to
receptors) or activity based (tracking individuals and concentrations). Specific methods
for exposure modeling are reviewed in a number of recent texts (Asante-Duah, 2002;
Nieuwenhuijsen, 2003; Ramaswami et al., 2005). Chemical-transfer-based models focus
on partitioning and mass transfer (plant uptake, fish bioconcentration, transfer from water
to air (showers to indoor air), etc. and then apply contact or intake factors (IPCS, 2000,
McKone and MacLeod, 2004). Activity based models focus on time allocations to
microenvironments, in which different concentrations, or distributions of concentrations,
are modeled to occur. Examples of microenvironments include: outdoors; an individual’s
home; a home workroom; office or factory; vehicle; and a bar or restaurant. An
individual’s time allocation in these microenvironments is described by their time-activity
pattern. The time-activity pattern keeps track of where people are and, in some cases,
what they do while they are there. One-day time-activity patterns for many individuals
have been compiled using telephone surveys and these data are available on in databases
such as the US EPA’s Comprehensive Human Activity Database (CHAD)
(http://www.epa.gov/chadnet1/) and the Dutch database of Freijer et al. (1998). Since
these databases generally characterize the behavior of individuals on a given day,
interesting statistical issues arise when trying to piece together multiple records for
longer-term simulations for the population or for a typical individual. Many important
exposures occur to an individual when another member of their household undertakes an
activity, such as bathing or showering or the use of household chemicals, so methods for
tracking co-exposures are also needed for a complete assessment (Wilkes et al., 1996).

A number of models are available for integrating calculations of ambient concentrations
and human exposures. One example is the CalTOX model, a multimedia environmental



model that estimates human exposure through 23 potential exposure pathway scenarios
for pollutants in the air, soil, or water (http://eetd.lbl.gov/ied/ERA/; McKone and
MacLeod, 2004). These include the ingestion of three classes of food: fruits, vegetables
and grains; meat, milk, and eggs; and fish and seafood. The CalTOX model provides a
broad assessment of the partitioning of chemicals between the air, water, soil, and biota,
and the resulting total exposure. Another type of comprehensive model for exposure is
the MENTOR/SHEDS (Modeling Environment for Total Risk studies/Stochastic Human
Exposure and Dose Simulation) model. This model has been applied, together with a
photochemical model that predicts ambient ozone and fine particle concentrations, to
predict total exposures to these pollutants (Georgopoulos et al., 2005).

The focus of Industrial Ecology on issues such as life cycle assessment (LCA) fosters the
need for simple but informative metrics of exposure potential. The goal of LCA is to
confront and assess impacts over the whole life cycle of a product, from the production of
the raw materials to the ultimate disposal of the product. The life-cycle impact
assessment (LCIA) process within in LCA 1is a systematic framework in which emissions
are evaluated and interpreted with regard to potential life-cycle health and environmental
impacts. The scope of LCIA does not allow for full-scale, site-specific risk assessments.
So to provide “effects factors” that can be used as weighting factors for pollutant
emissions, LCIA studies rely heavily regional multimedia multipathway exposure
models. Generic multimedia exposure models have been used in LCA as “laboratories”
for evaluating both the exposure potential of a broad range of pollutants and how
exposure potential relates to basic chemical properties (McKone and MacLeod, 2004).
Generic versions of both the CalTOX and EUSES models have been used to conduct
comparative assessments of fate and exposure in support of LCA, sustainability and
comparative risk assessments (Bare et al., 2003; Huijbregts et al., 2005).

To aid in such “generic” assessments in LCA an other studies, the concept of an exposure
or intake fraction (iF) has provided a powerful basis for simplification. The intake
fraction is that portion of the pollutant mass emitted to the environment that is
subsequently taken up by people through inhalation, ingestion, or dermal uptake. Use of
this fraction is generally limited to conditions where linear relationships between
emissions, ambient concentrations, exposures, and subsequent risk are assumed, however,
this is often the case for environmental impact studies conducted for LCIA. Huijbregts et
al., 2005) used EUSES-LCA to calculate fate factors and human population iFs for 3933
substances released to freshwater, marine and terrestrial environments. They report iF
values averaging 1075-1078 for organics and 1073—10~4 for inorganic chemicals,
depending on the emission compartment considered. Once the intake fraction is estimated
for the emissions from a product in a given use scenario, the resulting transfer factor can
be used for similar applications. Levy et al. (2002) report modeled intake fractions
between 10 and 107 for particulate air pollution from power plants in the United States.
Not surprisingly, the intake fraction for pollutants emitted from vehicles is somewhat
higher (~10) and higher still for pollutants emitted indoors, typically 10~ to 10™" (Lai et
al., 2000). Higher intake fractions are also estimated for highly persistent organic
compounds that bioaccumulate through the food chain, with intake fractions from dietary
intake as high as 0.001 or even 0.01 for compounds such as selected congeners of dioxin
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(Bennett et al., 2002; Pennington et al., 2005). These bounds allow emissions of different
types to be broadly categorized in terms of the resulting exposures expected to occur.

When an ambient pollutant is inhaled, ingested, or absorbed, only a portion of the
contaminant remains in the body and is delivered to target cells or organs to result in a
toxic effect. This process involves the conversion of an exposure to a resulting dose and
its associated response. Methods for dose-response analysis are presented in the next
column on integrated environmental assessment.
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